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Nephron specific regulation of chloride channel CLC-K2 mRNA In the past decade a number of chloride channels has
in the rat been described by electrophysiological methods and
Background. This study investigated the influence of salt in- their molecular structure has been elucidated [1]. Totake on the nephron specific gene expression of the kidney
date the CLC family of chloride channels comprises atchloride channel CLC-K2. To this end, male Sprague-Dawley
rats were fed a low (0.02% wt/wt), normal (0.6% wt/wt), or high least nine members (termed CLC 1–7 and the kidney spe-
salt (8% wt/wt) diet for ten days, or they received the loop cific CLC-K1 and -K2) with homology to each other.
diuretic furosemide (12 mg/kg/day) for six days. CLC-2 [2], CLC-3 [3], CLC-4 [4, 5], CLC-5 [6, 7], CLC-6Methods. Expression and regulation of messenger RNA for
[8] and CLC-7 [8] are distributed over a wide variety ofCLC-K2 was demonstrated by RNase protection assay and
in situ hybridization in kidney cortex, outer medulla and in- tissues, but some others are restricted to special organs.
ner medulla. Tubular localization and regulation were deter- Thus, the CLC-1 channel is only found in skeletal muscle
mined precisely by reverse transcription-polymerase chain re- and a mutation in it causes myotonia congenita [9]. Inaction (RT-PCR) and real time PCR of microdissected nephron
rat kidney tissue, localization of the CLC-2, -3, -5, andsegments.
Results. In situ hybridization analysis and RNase protection -7 channels was demonstrated by Obermu¨ller et al [10].
assay of the total kidney revealed a down-regulation of CLC-K2 The CLC-K1 and CLC-K2 channels are structurally re-
mRNA in the high salt diet rats and an up-regulation of CLC-K2 lated chloride channels that are specifically expressed inmRNA in furosemide treated rats, which were restricted to the
the kidney and homologous genes also are described inouter medulla. Microdissection of collagenase treated kidney re-
vealed CLC-K2 mRNA expression in the outer medullary thick mouse, rabbit and human [11–13]. Within the kidney,
ascending limb (mTAL), cortical thick ascending limb (cTAL), CLC-K1 is predominantly located in the thin limbs of
distal convoluted tubule (DCT), connecting tubule and cortical the loop of Henle, and this channel seems to be relevantcollecting duct (CNT/CCD), and outer medullary collecting duct
for the chloride transport from the tubular lumen into(OMCD), whereas no signals were detected in proximal convo-
luted and straight tubules (PCT and PST), descending thin the interstitium in the inner medulla. This chloride flux is
limb from the outer medulla (dTL), descending and ascending of importance for the cortico-medullary osmotic gradient
thin limb from the inner medulla (TL), inner medullary collect- that drives urinary concentration [14, 15]. The recenting duct (IMCD) and glomeruli (glom). Using RT-PCR and
observation that mice lacking CLC-K1 channels displayreal time PCR, the changing levels of CLC-K2 mRNA after
furosemide treatment or high salt diet were restricted to the defects in urine concentration supports this assumption.
mTAL, whereas CLC-K2 mRNA levels in cTAL and OMCD A lack of CLC-K1 protein causes nephrogenic diabetes
were not changed in furosemide or high salt rats compared to insipidus, which leads to a five-times higher urine produc-time paired controls.
tion and rapid weight loss after dehydration [15]. Vande-Conclusions. Given that CLC-K2 expressed in the thick as-
cending limb of Henle’s loop is responsible for net chloride walle et al [16] and Uchida et al [13] both demonstrated
reabsorption in this part of the nephron, our findings suggest that CLC-K1 is up-regulated in rats after water depriva-
that in states of surplus salt and in states of severe salt depriva- tion. In a recent elegant promoter study, Uchida et altion, selective regulation of CLC-K2 mRNA plays a role in the
demonstrated the existence of two DNA binding pro-adaptation of the kidney to different salt loads.
teins that might be responsible for the strict nephron-
specific expression pattern of the CLC-K channels [17].Key words: mTAL, sodium chloride, furosemide, salt regulation, loop
diuretics, Bartter’s syndrome. Taken together, several studies focus on a major role for
CLC-K1 in urine concentration [reviewed in 14]. TheReceived for publication December 29, 2000
CLC-K2 channel on the other hand is less well character-and in revised form September 17, 2001
Accepted for publication September 18, 2001 ized. Distribution of CLC-K2 is more ubiquitous and it
is mainly found in the thick ascending limb of Henle’s 2002 by the International Society of Nephrology
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loop (TAL), in the distal convoluted tubule, in con- mals and the German laws on the protection of animals.
Male Sprague-Dawley rats weighing 180 to 220 g werenecting tubule, and in collecting ducts [16, 18, 19]. In
rabbits Winters et al demonstrated that blocking the used for the experiments. During the experiment the
animals were fed a low salt diet containing 0.02% NaClrbCLC-Ka channel by antisense RNA abrogates the ba-
solateral chloride conductance in TAL cells [20]. In two (20 mg/100 g), or a high salt diet containing 8% NaCl
(8000 mg/100 g) for ten days. Potassium content in therecent studies, Winters et al provided further evidence
that the rabbit rbCLC-Ka protein is an important candi- different diets was 0.75% (wt/wt). Dietary food was pur-
chased by Ssniff Spezialdia¨ten (Soest, Germany). Thedate for the basolateral chloride conductance in TAL
[21, 22]. Furthermore, they demonstrated the existence low and high salt-treated rats had free access to drinking
water during the experiment. Control animals had freeof two isoforms of basolateral chloride channels in mouse
[23]. Yoshikawa et al could confirm CLC-K2 mRNA access to normal food (0.6% NaCl; Altromin C-1000,
Lage, Germany) and tap water. Furosemide (12 mg/kg/expression in TAL by in situ hybridization [19]. Thus,
several studies provide evidence that CLC-K2 represents day) was administered via Alzet osmotic pumps, model
2ML1 (Alzo Corporation, Palo Alto, CA, USA), over athe basolateral chloride channel in TAL and could there-
fore be relevant for chloride reabsorption. This assump- period of six days. Furosemide treated animals had free
access to the water and salt solution (0.9% NaCl, 0.1%tion is strongly supported by the observation that a loss
of function mutation in the CLC-K2 channel results in KCl). During the time of the experiment systolic blood
pressure was monitored with the tail-cuff method usingan inherited human disease known as Bartter-syndrome
type III (also called classic Bartter’s syndrome), which a TSE Blood Pressure monitor type 9000 (Technical &
Scientific Equipment, Bad Homburg, Germany) everyis associated with massive renal salt loss along the thick
ascending limb [24]. Whether changes in gene expression morning.
of CLC-K2 channels are involved in the regulation of
Organ samplingtranstubular chloride transport is not yet known. In a
previous investigation on the gene regulation of salt re- After the experimental procedure animals were killed
by decapitation. Kidneys were rapidly removed and im-sorbing channels and transporters in the distal nephron,
we obtained the first evidence for a regulation of CLC-K2 mediately chilled in 4C cold 1 phosphate-buffered
saline (PBS) solution. To minimize contamination ofchannels on the mRNA level [25]. Because CLC-K2
is supposed to be the chloride channel responsible for cortical tissue with outer medullary tissue, kidneys were
carefully separated into cortex, outer medulla and innerchloride reabsorption in basolateral membranes of the
TAL, a possible hypothesis is a variation of CLC-K2 medulla under a stereomicroscope. The separated tissue
preparations were immediately frozen in liquid nitrogenchannel expression with the rate of salt intake into the
organism [12, 20]. We investigated the effect of low salt, until total RNA isolation. Contralateral kidneys were
immediately frozen in liquid nitrogen for in situ hybrid-normal salt, high salt or furosemide treatment on the
abundance of CLC-K2 mRNA in kidneys of Sprague- ization.
Dawley rats. From our RNAse protection assay and in
In situ hybridizationsitu results we conclude that the regulation of CLC-K2
mRNA is limited to outer medulla. Microdissection fol- Cryostat sections (16 m) were mounted on silicon-
ized slides (Superfrost plus, Roth, Germany). For in situlowed by polymerase chain reaction (PCR) shows that
the up-regulation of CLC-K2 mRNA by furosemide hybridization slides were fixed in 4% paraformaldehyde
in 1 PBS for 20 minutes at 4C, washed 2 at roomtreatment could be found in medullary TAL (mTAL),
but not in the outer medullary collecting duct (OMCD). temperature in 1 PBS, treated with 100mol/L trietha-
nolamine, 0.9% NaCl, 2.5 mL/L acetic anhydride for 10Taking into consideration the current view of chloride
channels in the loop of Henle [26], transcriptional regula- minutes, and dehydrated in increasing concentrations of
ethanol. Prehybridization was performed for two to threetion of CLC-K2 might contribute to salt excretion in
states of high salt loading. Furthermore, we hypothesize hours at 50C in 500 L prehybridization buffer contain-
ing 50% formamide, 5 hybridization salts [75 mmol/Lthat in states of extreme salt loss by loop diuretics
up-regulation of CLC-K2 mRNA in mTAL might repre- NaCl, 25 mmol/L piperazine-N,N-2-ethanesulfonic acid
(PIPES), 25 mmol/L ethylenediaminetetraacetic acidsent a compensatory response of the organism to support
salt retention. (EDTA), pH 6.8], 5 Denhardt’s solution, 0.2% sodium
dodecyl sulfate (SDS), 10 mmol/L dithiothreitol (DTT),
250 g/mL salmon sperm and 250 g/mL yeast tRNA.
METHODS
For in situ hybridization 1 to 2  106 cpm of radiola-
Animal experiments beled antisense probe and 10% dextran sulfate were
added to 100 L of prehybridization buffer. IncubationAnimal experiments were conducted in accord with
the NIH Guide for the Care and Use of Laboratory Ani- time was 16 to 18 hours at 50C. The sections were then
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rinsed in 4  standard sodium citrate (SSC) two times umn. As a negative control for in situ hybridization,
sense RNA was transcribed using T7 RNA polymerasefor five minutes, twice in 4  SSC for 30 minutes. RNase
and hybridized in parallel. For the RNAse protectiontreatment was performed in 0.5 mol/L NaCl, 10 mmol/L
assay an 33P-UTP (400Ci/mmol; Amersham) was usedTris-HCl, pH 7.5, 1 mmol/L EDTA, and 40 g RNase
for labeling. The RNase protection assay for CLC-K2A/mL at 37C for 30 minutes, followed by a 30-minute
and cytoplasmic -actin was performed as described pre-incubation in the same buffer without RNase A at 37C.
viously [25].Final washing was performed twice for 30 minutes at
50C in 2 SSC. Sections were dehydrated in increasing
Microdissection of nephron segments andconcentrations of ethanol. After dehydration the slides
RT-PCR analysiswere exposed overnight on Kodak BioMax MS films.
Nephron segments for RT-PCR were obtained by a
RNA extraction modified collagenase digestion protocol described by the
group of Schlatter [28]. In brief, the anaesthetized ani-Total RNA was extracted from frozen nephron seg-
mals were decapitated and kidneys were removed. Thements stored at70C according to the protocol of Chom-
decapsulated kidneys were carefully dissected into cor-czynski and Sacchi [27]. After homogenization in solu-
tex, outer and inner medulla with a scalpel blade. Thetion D [guanidine thiocyanate (4 mol/L) containing 0.5%
kidney zones were cut in the direction of the tubules inN-lauryl-sarcosinate, 10 mmol/L EDTA, 25 mmol/L so-
small pieces of 2 to 5 mm. The obtained pieces weredium citrate, 700 mmol/L -mercaptoethanol], 0.1 vol 2
incubated in 2 mL collagenase solution (0.5 mg/mL typemol/L sodium acetate (pH 4), 1 vol phenol (water satu-
2 collagenase, 5 mmol/L glycine, 50 U/mL DNAse andrated) and 0.2 vol chloroform were added sequentially
48 g/mL soybean trypsin inhibitor in MEM) at 37C.to the homogenate. After cooling on ice for 15 minutes,
In 15 minute (cortex) or 25 minute (medulla) intervalssamples were centrifuged at 10,000  g for 15 minutes
the supernatant was poured off the tissue pieces into anat 4C. RNA in the supernatant was precipitated with
ice-cold tube containing a 2 mL bovine serum albuminan equal volume of isopropanol at 20C for at least
(BSA) solution comprised of 1% BSA in MEM. Freshone hour. The resulting RNA pellets were resuspended
collagenase solution was added to the remaining renalin solution D, again precipitated with an equal volume
tissue, and the incubation was continued with superna-of isopropanol at20C. Pellets were finally dissolved in
tant removal at 15 minute or 25 minute intervals in thediethylpyrocarbonate treated water and stored at80C
same manner. After the nephron segments sedimenteduntil further processing.
in the tube the supernatant was carefully removed and
2 mL ice-cold BSA-solution added. The fractions con-Antisense RNA labeling for RNase protection assay
taining nephron segments were stored on ice. Collectingand in situ hybridization
was carried out over three to four hours after digestion
Because of the high homology of CLC-K1 and in a tissue culture dish (35 10 mm). Nephron segments
CLC-K2 (85% homology of the coding region on DNA were sorted to a clean area of the dish under a stereo-
level, but no homology in the 3 and 5 untranslated microscope and transferred to a new tissue culture dish
regions of the mRNA) cross reactions might be problem- containing 0.25% BSA in MEM. For collecting thin limb
atical. To construct a specific CLC-K2 probe for the (TL) and inner medullary collecting duct (IMCD) seg-
RNase protection assay and in situ hybridization we have ments, the digested pieces of the inner medulla were fur-
chosen a region starting at the stop codon and covering ther microdissected with a sharpened forceps. At least
184 base pairs of the 3 untranslated region of the CLC- 22 glomeruli and 11 mm of each segments [including
K2 gene. For the detection of CLC-K2 mRNA, a 184 bp proximal convoluted tubules (PCT), proximal straight tu-
fragment was amplified (accession no. Z30663; upstream bules (PST), outer medullary descending thin limbs (dTL),
primer bp2067-bp2082; downstream primer bp2233- inner medullary descending and ascending thin limbs
bp2250). PCR inserts were cloned into the EcoRI cloning (dTL/aTL), medullary thick ascending limbs (mTAL),
site of the transcription vector pCR TopoII using the cortical thick ascending limbs (cTAL), distal convoluted
PCR Topo Cloning Kit (Invitrogen, Groningen, Nether- tubules (DCT), connecting tubules and cortical collect-
lands). Accuracy of the constructed plasmids was con- ing ducts (CNT/CCD), OMCD and IMCD] were pooled.
firmed by a sequence analysis performed by Fa. Sequi- Collected tubules were transferred to 400 L GTC solu-
serve (Vaterstetten, Germany). Linearization with EcoRV tion (4 mol/L) and 12 g yeast tRNA was added as
followed by in vitro transcription with SP6 RNA poly- the carrier. Samples were stored at 80C until RNA
merase yielded 184 bp-long antisense transcripts plus an extraction.
80 base-pair polylinker sequence of the vector.
Isolation of total RNA and RT-PCRTranscripts for in situ hybridization were continuously
labeled with [35S]uridine triphosphate (400 Ci/mmol; RNA extraction was performed according to the pro-
tocol of Chomczynski and Sacchi [27]. The resultingAmersham) and purified on a Sephadex G50 spin col-
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RNA pellets were dissolved in 9 L diethylpyrocarbo- software version 3.5.3. Additionally a melting curve anal-
ysis was carried out. Standard curves for CLC-K2 andnate-treated water and used for reverse transcription. Re-
sulting cDNA samples were diluted to a final concentra- -actin were generated by using cDNA of rat whole
kidney total RNA as template. For every cTAL, mTAL,tion of 1 mm tubules/2 L and 2 glomeruli/2 L.
Polymerase chain reactions were performed in a total and OMCD sample, the ratio of the amount of CLC-K2
mRNA to that of the -actin mRNA was calculated.volume of 20 L in the presence of 2 L cDNA equiva-
lent to 1 mm tubules or 2 glomeruli (cDNA 1:1), 0.1 mm
Statisticstubule (cDNA 1:10) or 0.01 mm tubule (cDNA 1:100).
Negative controls included water or yeast tRNA instead Analysis of variance (ANOVA) followed by the Stu-
dent unpaired t test and Bonferroni adjustment were usedof cDNA in the PCR. The PCR was run for 28 (-actin),
or 32 (CLC-K2) cycles for one minute at 94C denatur- for comparisons between different treatment groups. A
value of P  0.05 was considered significant.ation, one minute at 60C annealing, and one minute
at 72C extension using standard PCR protocols. PCR
amplification was done with the CLC-K2 primers men-
RESULTS
tioned above.
Rats were fed normal (0.2%), low salt (0.02%) andAnalysis of PCR products was performed after size
high salt diet (8%) for ten days. Furosemide was given forseparation by ethidium-bromide-stained agarose gel elec-
6 days (12 mg/kg/day) by osmotic minipumps. CLC-K2trophoresis. For semiquantification the optical intensities
mRNA abundance in cortex, outer medulla and innerof PCR products were determined by Bio 1D software
medulla was assayed by RNase protection and in situ(Vilber Lourmat Biotechnology, LTF Wasserburg, Ger-
hybridization. The exact nephron-specific localization ofmany). The CLC-K2 mRNA (32 cycles) was standard-
CLC-K2 was determined by RT-PCR and real time PCRized to -actin mRNA (28 cycles) in the same tissue
analysis of microdissected nephron segments.samples. The CLC-K2 mRNA/-actin mRNA ratio of
each sample was given as relative density units CLC-K2/
In situ hybridization and RNAse protection assay
-actin.
Figure 1 shows the results of CLC-K2 in situ hybridiza-
Real time PCR analysis tion; the autoradiograph shows 16-m thick sections of
total kidneys of control, high salt and furosemide treatedTwo micrograms of whole kidney total RNA or the
rats. It is obvious that the staining in the outer medullaresulting RNA pellets of microdissected tubules were
is less intensive in the kidneys of rats on high salt diet andreverse transcribed into cDNA (20 L) according to
much more intensive in the kidneys of the furosemidestandard protocols. In brief, cDNA probes were synthe-
treated rat compared to the kidneys of untreated rats.sized in a 20 L reaction with total RNA, 0.5 g oli-
By the RNase protection assay, CLC-K2 mRNA dis-go(dT)12–18, 20 U RNasin (Promega), 4 L 5RT buffer,
played similar expression levels in cortex and outer me-0.5 mmol/L deoxynucleoside triphosphate (dNTP), and
dulla and markedly lower abundance in the inner me-20 U murine Molony leukemia virus (M-MLV) reverse
dulla (Fig. 2A). To minimize aberrations due to quantitytranscriptase enzyme (Gibco Life Technologies).
and quality of assayed total RNA, each assayed sampleReal time PCR was performed in a Light Cycler (Roche,
was co-analyzed in parallel for cytoplasmic -actinMannheim, Germany). All PCR experiments were done
mRNA. While the low salt diet did not change CLC-K2using the Light Cycler DNA Master SYBR Green I kit
mRNA abundance in the kidney zones, a high salt dietprovided by Roche Molecular Biochemicals (Mannheim,
lowered CLC-K2 mRNA 0.65-fold in the outer medullaGermany). Each reaction (20L) contained 2L cDNA,
(Fig. 2B), while furosemide treatment caused a 1.85-fold3.0 mmol/L MgCl2, 1 pmol of each primer and 2 L of
up-regulation in the outer medulla.Fast Starter Mix (containing buffer, dNTPs, Sybr Green
dye and Taq polymerase). The amplification program
Localization and quantification of CLC-K2 mRNA inconsisted of 1 cycle of 95 with a ten-minute hold (“hot
microdissected nephron segmentsstart”) followed by 40 cycles of 95C with a 15-second
The exact localization along the nephron and regula-hold, 60C annealing temperature with a 5-second hold
tion in the outer medulla of CLC-K2 mRNA was deter-and 72C with a 20-second hold. Amplification was fol-
mined by RT-PCR and real time PCR analysis of RNAlowed by a melting curve analysis to verify the accuracy
samples of microdissected nephron segments (Figs. 3of the amplicon. A negative control with tRNA or with
and 4). We collected samples of proximal convolutedwater instead of cDNA was run with every PCR to assess
and straight tubule (PCT and PST), descending thin limbspecificity of the reaction. For verification of the correct
of Henle from the outer medulla (dTL), descending andamplification PCR products were analyzed on an ethid-
ascending thin limb of Henle from the inner medullaium bromide-stained 2% agarose gel.
Analysis of data was performed using Light Cycler (TL), outer medullary and cortical thick ascending limb
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Fig. 1. Autoradiograph of in situ hybridization of kidneys of (A) control, (C ) high salt and (B) furosemide treated rats; (D) CLC-K2 sense RNA.
Antisense RNA transcripts were labeled with 35S-UTP. As negative control, a kidney hybridized with 35S-UTP labeled sense RNA transcript is
shown. Slides were exposed overnight on Kodak BioMax MS films.
of Henle (mTAL and cTAL), distal convoluted tubule PCR experiments, which may be due to adhering tubuli
fragments.(DCT), connecting tubule with cortical collecting duct
With the RNase protection assay (Fig. 2B) and in situ(CNT/CCD), outer medullary collecting duct (OMCD),
hybridization (Fig. 1), regulation of CLC-K2 mRMAinner medullary collecting duct (IMCD) and glomeruli
was observed mainly in the OM. Therefore, we focused(glom). Total TNA was isolated and analyzed by RT-PCR
semiquantitative RT-PCR analysis on the CLC-K2–for CLC-K2 mRNA abundance. In the RT-PCR analy-
positive nephron segments isolated from outer medullasis strong signals for CLC-K2 mRNA were obtained in
sections: mTAL and OMCD (Fig. 3). We analyzed RNA
mTAL, cTAL, DCT, CNT/CCD, and OMCD. Very faint samples from the high salt treated rats and furosemide
or no detectable bands for CLC-K2 mRNA were found in treated rats by RT-PCR. Thus, the regulation of CLC-K2
glom, PCT, PST, dTL,TL, and IMCD preparations (Fig. 3). mRNA could be narrowed down to the thick ascending
Repeated analysis of different preparations yielded con- limb of Henle’s loop in the outer medulla.
sistent results for the nephron specific distribution of To quantify the abundance of CLC-K2 mRNA in TAL
CLC-K2 mRNA. This was not the case for glomeruli prep- and OMCD, CLC-K2 mRNA was measured in the total
RNA of microdissected nephron segments from high saltarations where there were deviations between the single
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Fig. 3. Representative ethidium bromide-stained agarose gel of CLC
K2 mRNA distribution in microdissected nephron segments (32 cycles).
Lanes represent the S3 segment (PST), descending thin limb from outer
medulla (DTL), descending and ascending thin limb from inner medulla
(TL), outer medullary thick ascending limb (mTAL), cortical thick
ascending limb (cTAL), distal convoluted tubule (DCT), connecting
tubule and cortical collecting duct (CT/CCD), outer medullary collect-
ing duct (OMCD), inner medullary collecting duct (IMCD) and glomer-
uli (Glom). Lower half of gel shows the -actin signal (28 cycles) of
the respective cDNA probes.
Fig. 2. (A) Messenger RNA levels of the CLC-K2 channel in kidney
zones of rats maintained under a normal (0.6% wt/wt; N 	 10) diet.
Values were normalized to cpm for -actin measured in parallel in the
same sample. (B) Messenger RNA levels of CLC-K2 channel in total
RNA isolated from outer medulla of control rats (N 	 10), rats with
low salt diet (N 	 7), high salt diet (N 	 12) and furosemide treated
rats (N 	 10). Asterisks indicate changes versus control. A P value of
0.05 was considered significant. Values were normalized to cpm for
-actin measured in parallel in the same sample.
treated, furosemide treated and control rats by real time Fig. 4. Quantitative analysis of real time PCR experiments performed
with the Roche Light Cycler Instrument in rats on a ( ) high salt, ()PCR. In view of the observed mRNA regulation in the
control, or () furosemide treatment. Values are means 
 SEM for
mTAL, we wondered whether the CLC-K2 mRNA lev- each PCR reaction normalized to -actin. Asterisks indicate changes
versus control. A P value of 0.05 was considered significant.els in the cTAL also would increase under furosemide
treatment. Therefore, microdissected cTAL segments
also were included in the analysis. The real-time PCR
with the microdissected segments cTAL, mTAL, and DISCUSSION
OMCD (N	 3 each) revealed similar results as RT-PCR
The results of our study show and thus confirm previ-(not shown). There was an up-regulation of CLC-K2
ous observations concerning the intrarenal distribution
mRNA in mTAL of furosemide treated rats compared of CLC-K2 mRNA [16]. CLC-K2 mRNA was most abun-
to mTAL of control animals (Fig. 4). There also was a dant in the cortex and outer medulla and showed lower
down-regulation of the mRNA levels in mTAL of high levels in inner medullary tissue. Thus, the zonal distribu-
salt treated rats compared to the control group, although tion of CLC-K2 mRNA as found in our study is in accor-
in this experimental approach these changes did not dance with the assumption that the thick limb of the
reach the level of significance. In contrast to mTAL, the loop of Henle and the distal nephron are the main sites
CLC-K2 mRNA levels were not significantly different of CLC-K2 expression [15, 18]. There is still discussion
in cTAL and OMCD of high salt, furosemide, and con- about the expression of CLC-K2 in medullary collecting
ducts [16, 19]. A recent study by Yoshikawa et al presentstrol rats (Fig. 4).
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results that fit well with our mRNA data of expression to maintain water balance even when urinary osmolality
is increased by NaCl. However, since there is agreementin cortex and in outer medulla. By in situ hybridization
they found CLC-K2 expression in cortex and outer me- in the literature that net chloride transport in TAL occurs
via the basolateral CLC-K2 channel, our findings suggestdulla, but not in inner medulla [19]. In our experimental
approach using the RNase protection we could detect that changes in CLC-K2 gene expression play a role in
adaptation to states of extreme salt load of the organism.signals of CLC-K2 mRNA in inner medulla samples,
though the inner medulla signals were low. Using a similar experimental approach to our study, Frindt
et al showed selective up-regulation of the -eNaC pro-The results of the RT-PCR analysis of CLC-K2 mRNA
distribution along the nephron segments were widely tein subunit during a low salt diet, a mechanism that
might contribute to the enhancement of salt reabsorp-consistent with the data provided by Uchida et al [17]
and Vandewalle et al [16]. Concerning the expression in tion in collecting duct during states of salt deficiency
[33]. There is some first indirect evidence that an inade-glomeruli, there was a wide variation between the single
microdissected kidneys. This may be due to cTAL frag- quate of CLC-K2 channel expression might be related
to hypertension.ments adhering on glomeruli.
Our results on CLC-K2 mRNA expression in the outer In particular, the development of salt sensitive hyper-
tension is causally related to an as yet undefined problemmedulla sections show that high salt intake down-regu-
lates CLC-K2 gene expression in the thick ascending limb of the kidney to adequately excrete salt in states of salt
overload. Previously we found that in the Dahl salt-of outer medulla. A loss of function mutation in the
human analog of CLC-K2 leads to massive salt loss along sensitive rat, CLC-K2 is overexpressed in renal medulla
[34]. Thus, we hypothesize that the gain of functionalthe thick ascending limb [24], because the basolateral
chloride conductance in thick ascending limb cells is alterations in the abundance of CLC-K2 channel could
contribute to the development of hypertension due tomainly determined by CLC-K2. Basolateral chloride
conductance also can be blocked by antisense oligonucle- problems with salt excretion.
otides derived against CLC-K2 [12]. It is conceivable
from our data that down-regulation of CLC-K2 mRNA ACKNOWLEDGMENT
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